The experimentally available data on the α decay half lives and Q α values for 96 superheavy nuclei are used to fix the parameters for a modified version of the Brown empirical formula through two fitting procedures which enables its comparison with similar fits using Viola-Seaborg and Royer formulas. The new expressions provide very good agreement with experimental data having fewer or the same number of parameters.
Introduction
The superheavy nuclei (SHN) pose a continuous challenge for experimental studies due to their elusive synthesis and still widely unknown properties. This is where the theoretical studies come to help fueled also by the prospect of understanding such nuclear properties as shell stability, magic numbers and island of stability. Both theoretical and experimental facets of SHN are extensively presented in Ref. [1] . As α emission is the predominant decay mode of unstable nuclei, it obviously represents the best tool to study SHN. Moreover, it provides a very efficient way to identify new elements through the observation of the α decay chain from an unknown nucleus up to its end nucleus, which disintegrates by spontaneous fission.
Basically, the experimental output consists of α decay kinetic energy and half-lives. The prediction of these quantities provides a major support for experimental design, consequently it is also the main goal of the theory.
Based on the simplified picture of the α decay as a semiclassical one-dimensional process, simple but rather striking correlations between the α decay Q α values and half lives emerge which provide a similar good agreement with experiment like the more sophisticated models. As the amount of the decay data continuously grows, simple and fast calculations are necessarily required. In this context, the empirical formulas which usually relates log T α with the Q α values and the (Z, A) of the parent nucleus offer easily obtainable updated results. The first correlation of this type was registered by Geiger and Nuttall [2] , who found that log T α depends linearly on Q −1/2 α . Various generalizations [3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19] of the Geiger-Nuttall law systematically compared in Ref. [20] share this Q α dependence. This relation is also extrapolated to heavy cluster [9, 14, 21, 22, 23, 24] and proton [25, 26, 27] decays. This is not surprising, because it originates from the common quantum penetration hypothesis. The coefficients of this linear relation are however not universal, varying between different decay chains. The first successful generalization of the Geiger-Nuttall law, which transcends the decay chains, came with the work of Viola and Seaborg [4] who, inspired by the work of Gallagher and Rasmussen [28] , considered for the slope and intercept parameters a linear dependence on the charge number of the daughter nucleus. Later on, Sobiczewski and collaborators [5] extrapolated the formula for deformed SHN providing a set of parameters which remains actual even today. As a consequence, even though the formula was proposed more than 50 years ago, it represents in its updated form [5] one of the reference empirical correlation for the α decay due to its simple form and unmatched predictive power, taking into account the number of parameters involved. The only downfall of the formula is the lack of physical justification for such a dependence of the coefficients.
However, taking in consideration higher order terms in the expansion of the Wentzel-Kramers-Brillouin (WKB) barrier penetration factor, it was observed that the plots versus
are better suited for data description, supporting thus the Viola-Seaborg correlation formula.
Going further, Brown [6] considered an interpolation between the Geiger-Nuttall law and the Z d Q −1/2 α dependence, obtaining that the best representation of data is achieved by the linear dependence of the log T α on Z 0.6
quantity. Including similar (Z, N ) parity varying hindrance terms as in [4] proved the Brown formula to be an extremely powerful tool for describing the α decay properties of SHN [29, 30, 31, 32, 33, 34, 35] . Moreover, it was also generalized for cluster decays [9] , by additionally fitting the power of Z d which surprisingly remained essentially the same.
Here one will show that for SHN a different power of Z d must be considered in order to have the best agreement with experiment. To do this, we gather the available experimental data regarding the Q α and log T α values of SHN and fit it against a modified version of the Brown formula through two distinct schemes.
Such that the results obtained with both procedures are compared with experimental data available for 96 SHN as well as similar fits in respect to other two most successful correlation functions, Viola-Seaborg [4] and Royer [8] . The obtained parameters are further used to generate predictions for 125 unknown α emitters, whose Q α values are determined through a simple five-parameter formula deduced from the Liquid Drop Model (LDM) considerations [36, 37] . As this method of Q α calculus produce very good results when extrapolated to immediate neighboring nuclei [37] , the nuclei considered for predictions are adjacent to those with experimentally available data. Regions of agreement with experiment as well as specific differences between predictions are identified through various graphical representations, bringing us to the main scope of the paper which is to offer reliable half-live predictions for unknown SHN.
Empirical α-decay half lives estimates
In what follows one will shortly present the two most successful empirical formulas as well as a modified version of the Brown formula. For avoiding inconsistencies, when the atomic, neutron and mass numbers are not accompanied by an index, they are referring to the parent nucleus.
Viola-Seaborg formula
The well known Viola-Seaborg (VS) formula [4] writes as 
(e − e), provided by fits on updated and new experimental data [38] or different sets of highly precise data [39] .
Royer formula
Another successful empirical formula was proposed by Royer in Ref. [8] . Besides the dependence of log T α on Z and Q α it also incorporates a variance with the atomic mass number A:
Although the Royer (R) formula can be used for global fits regardless of the (Z, N ) parity of the parent nucleus, it is usually referred to as a 12-parameter correlation, with distinct coefficients a, b and c for each (Z, N ) parity combination. The original set of parameters [8] (a, b, c) was established by fitting experimental data for 373 cumulated nuclei. Other optimised fits with this formula showed its superior experimental data reproduction [39] , making it along with VS formula one of the best empirical relation between the properties of the α decay. It is worth mentioning that this empirical correlation is actually a special case of the unified formula of half-lives for α decay and cluster radioactivity proposed in Ref. [14] , and which was shown in Ref. [20] that leads to the smallest rms values when fitting all known α decay data.
Modified Brown formula
The majority of experimental log T α values when expressed as function of the Z 0.6
quantity were observed in Ref. [6] to fall on a single straight line defined as:
where Z is the charge number of the parent nucleus. The parameters where fixed by fitting the available experimental data at that time. Recently, the formula was extrapolated to fits for SHN in Refs. [29, 30, 31, 32, 33, 34, 35] where the authors also added an even-odd hindrance term and obtained updated parameters for this region of the nuclide chart. Although the 0.6 power is numerically supported by the semiclassical WKB calculation, it was determined from the fits to experimental data [6, 9] . Due to the great flux of new and improved experimental data especially in what concerns SHN, this value must be revised. For this, one will adopt in this work the modified Brown (mB) formula
where a, b, c are fitting parameters. It is worth to mention here that, contrary to the VS formula where the change from Z to Z − 2 just redefines the involved parameters, here it leads to a completely different function. The same change is valid also in case of the R formula.
Determination of Q α values
The Q α values for measured superheavy α emitters are extracted from the α particle kinetic energy E α .
These two quantities are related through the formula:
amounting the standard recoil and electron shielding corrections [40, 41] and where A and Z are the mass and atomic numbers of the parent nucleus.
In what concerns Q α predictions, these are calculated with the aid of a simple but very efficient fiveparameter formula derived from LDM considerations [36, 37] :
The first two terms are the contributions coming from the LDM Coulomb energy and symmetry energy, choice of this formula for predictions is also supported by the calculations made in Ref. [20] , where was shown that the above formula perform better than most recent fully LDM [42] , macroscopic-microscopic [43, 44] , fully microscopic [45] , mean field [46, 47, 48] or infinite nuclear matter model [49] based methods, being outmatched only by another LDM based fitting expression [50] and a macroscopic-microscopic model estimation [51] , which however uses eight and respectively nine parameters.
Numerical applications

Experimental data fits
In order to have a truthful comparison with the aforementioned VS and R formulas one will consider two fitting schemes for the modified Brown formula. In accordance to the structure of the VS formula, the first modified Brown fit (mB1) will have the parameters a, b and c parity independent with an additional hindrance term differentiated by parity:
totaling thus six fitting parameters in comparison to the seven ones used in VS formula.
Following the same reasoning, in case of the second fitting scheme for the modified Brown formula (mB2), all three original parameters a, b and c have four distinct sets of values corresponding to each (Z, N ) parity.
Therefore the corresponding fitting function reads as:
and it has the same number of fitting parameters (12) as the R formula.
The parameters of the empirical formulas are usually established by fitting large amount of data which however is subjected to significant errors and spread over regions of nuclide chart with different properties.
The predictions of resulting formulas lose from their reliability in this way. This means that the relation between half live time, reaction energy and number of constituent nucleons is more complex than that. Indeed, the agreement with experiment is substantially improved if these nuclear characteristics are correlated with additional experimental observables. The use of experimental charge radii in a generalized densitydependent cluster model for long lived α emitters [52] is one example. Fits on most precise experimental data [39] represent an alternative approach which in turn lack the same statistics. It is well known that the existence of SHN nuclei is owed to the microscopic shell structure. On the other hand they are also vastly influenced by collective degrees of freedom which lead to a greater variety of shapes than in the lighter α emitters, and emergence of such rare phenomena as meta-stable states, shape coexistence and isomers [53] . Therefore, in order to have empirical correlations with higher power of predictability it is necessary to fix the involved parameters in specific regions. Such a region is defined by the concourse of all existing SHN. Following this logic, the experimental data on E α and log T α values for 96 SHN gathered from
Refs. [54, 55, 56, 57, 58, 59, 60, 61, 62, 63] are fitted with VS, R, mB1 and mB2 formulas. The experimental Q α values are extracted from the measured kinetic energy of the α particle E α by means of (3.1). The fits are judged by the root mean square (rms): 3) where N nucl represents the number of nuclei considered in the fitting procedure. Other quantities of interest are the mean deviation 4) and the index F = 10 δ [10, 13] .
The results of the fits, regarding the obtained parameters and associated statistical quantities are given in Table 2 this is also the case of the present empirical calculations where all four theoretical half live estimations differ from the corresponding experimental values by few orders of magnitude. These large discrepancies are usually ascribed to experimental errors. As a matter of fact, in [32] were presented big discrepancies between theory and experiment also for 282 Rg and 290 115 and their agreement with experiment was shown, in [35] , to be improved after a new series of experiments.
Before making a comparison between fits results, it is instructive to register the differences with the corresponding original sets of parameters. Thus, comparing to the values reported in Ref. Ref. [4] . There are two reasons for this change: first is the fact that the fits are performed only on SHN and the second is the different number of experimental data points for (e − o) and (o − e) nuclei (see table 1 ).
The differences are more drastic in what concerns R formula. Indeed, only the (e − e) parameters resemble the original values [8] , for the rest of parities the most affected is the c parameter whose absolute value is smaller by an average factor of two. The parameters a and c obtained here in all cases for the modified Brown formula are in agreement with those reported in Refs. [29, 30, 31, 32, 33, 34, 35] , while the power b is reduced with respect to the original 0.6 power of the Brown formula [6] . As a mater of fact, excepting the value corresponding to mB2 (e − e) which is very close to the 0.6 value, the rest of the fitted powers are more close to the 0.5 value, with the mB2 (o − o) even lower than that. Note also that the inverse ordering of the h Z−N factors obtained in VS fits is maintained. Another interesting aspect is that all hindrance parameters of the Bm1 formula are shifted by ≈0.02 in regard to the values obtained with the VS fit.
Coming back to the results of the fits, one observes that mB1 fit have almost the same rms values as that corresponding to VS formula fit but which uses in total 6 parameters instead of 7. This is the first proof for the superior predictive power of the proposed modified Brown formula. Moreover, the corresponding rms values of the mB2 fits per parity are better for (e − e) and (o − e), poorer for (o − o) and essentially the same for (e − o) nuclei when compared with the R formula which uses the same number of parameters.
In order to ascertain the overall agreement with experimental data of either two empirical estimations for each fitting scheme, one plotted in Figs. 1 and 2 the corresponding deviations as function of the neutron number which assures a larger spread of data points. From these plots one can extract some useful information. For example, from Fig. 1 one can see that there are more nuclei which are better described by VS formula. However the nuclei which are better described by mB1 formula have much smaller deviations than those corresponding to VS calculations. Moreover, the deviations of both formulas have the same sign apart from few exceptions. The situation per parity in what concerns the comparison of mB1 and VS results is as follows: the (o − o) nuclei are overall better reproduced by mB1; there is a swap in the best theoretical reproduction for (e − o) and (o − e) nuclei near N = 162 neutron shell closure, i.e. the nuclei with N < 162 are described better by the mB1, and otherwise for the rest of nuclei of the same parity type. As a matter of fact the major differences between Fig. 1 (a) and (b) are recorded mostly in its N < 162 part. A similar trend is found also in the same plot but for R and mB2 formulas depicted in Fig.2 . Here, the most distinct distribution of points is associated to e − o nuclei because of large rms values of both formulas, and in (o − e) nuclei due to the highest difference between associated rms values. The largest discrepancies between the corresponding deviations are associated to few (o − e) and (o − o) nuclei whose empirical description favors the R formula. Leaving aside these singular cases, the plot shows that the deviations from experiment of R least provide an existence interval where the true value is situated.
Generating predictions
The 125 superheavy nuclei considered for predictions are schematically shown in Fig.3 . The chosen region of the nuclide chart ranges between N = 150 − 178 and Z = 102 − 119. As can be seen, the nuclei chosen for predictions with few exceptions neighbour at least one experimentally measured α emitter. This specific selection of nuclei is related to the Q α formula for predictions. As was shown in Ref. [37] , the adopted formula not only has an overall good agreement with experimental data, but is also very successful in relating experimental Q α values of neighbouring super heavy nuclei. Thus, in the first stage one generates the predictions for the Q α values by using the five-parameter formula (3.2) with parameters taken from [36, 37] . Predicted Q T h α values are then plugged into the VS, R and the two mB empirical formulas with parameters fixed above and collected in Table 1 , finally obtaining four distinct log T α predictions. Before sorting the resulted log T α values, it would be opportune to confront analytically the fitting formulas. As the VS, R and mB formulas are distinct in structure we will focus on the two fitting schemes associated to the mB formula which differ only in the involved parameters. Equating the two expression for each parity, one obtains a relation between Q α and Z only. In the plane defined by these quantities, this relation represents a curve following (Z, Q α ) points for which the two employed fitting expressions provide the same results for log T α . These lines are visualized in Fig. 4 , where also are distributed the prediction results for the considered 125 nuclei. As can be seen, the lines corresponding to (e − e) and (o − o) parities are almost superposed and cross the most prediction data points (Z, Q T h α ). This is also consistent with the results of the experimental data fits, where the mB1 and mB2 perform better for these particular parities.
Another interesting fact is that all curves share the same intersection point around Z = 108, which is incidentally a magic number. Judging by the slopes of the curves and the trend of predicted (Z, Q T h α ) data points one can ascertain that the two mB fitting procedures provides more similar results for higher Z nuclei. However, in order to pinpoint the nuclei with reliable log T α predictions, their analysis must be also corroborated with the results provided by VS and R estimations. To do this, one introduces the following quantity: The emergence of turning points at neutron N = 162 and proton Z = 108 magic numbers identified above are at first glance just numerical results. However, nuclei with closed shells beside exhibiting an enhanced stability are also critical in what concerns the evolution of nuclear properties with the number of occupied single particle levels. Therefore, the fact that such transitions are registered, even when using the present empirical formulas, supports the procedure of fitting experimental data on a specific region of the nuclide chart, more precisely of the SHN.
The predictions obtained with the four fitting formulas for all these nuclei with ε < 10% are listed in Table   3 together with the associated ε and average log T α values. In virtue of the present analysis, the averages calculated in Table 3 for 36 nuclei represent log T α values with highly probable experimental realisation.
Conclusions
One of the main result of the present study is the modification of the Brown formula by considering the power of Z d as a fitting parameter. Although such an approach was used to describe cluster radioactivity [9] it was never reconsidered for the α-decay. Here one chosen to fix the parameters by fitting just the region of known SHN, which will enable the final formula to predict more probable log T α values for immediate unknown superheavy α emitters. Fitting experimental data for 96 SHN with two distinct schemes showed a variation of the involved parameters from the original ones. This is a new result in view of the fact that systematic comparisons of empirical correlation are usually made on the original parameters [20] values which are often old and have a more global character. A special emphasis is made on the diminished power parameter, which is more closer to the 0.5 value instead of the 0.6 power established by Brown [6] and later reconfirmed in Ref. [9] . The two fitting schemes are established in such a way as to be compared with two most successful empirical correlations, which are Viola-Seaborg and Royer formulas. Similar fits with these formulas where performed on the same 96 SHN and the results where dully compared with those corresponding to the two modified versions of the Brown formula, mB1 and mB2. The comparison of the fitting results revealed a similar predictive power of the proposed empirical formulas. Nevertheless, the distribution of the deviations from experimental values have some distinct local features which were pointed out through convenient graphical representations. VS formula fares slightly better than mB1, but uses in total 7 parameters in comparison to the 6 of the mB1 fitting procedure. On the other hand, the parity differentiated fits of mB2 are better than those of R formula for (e − e) and (o − e) nuclei and poorer for the rest of parities. Both schemes totals 12 fitting parameters.
As one of the aims is to provide predictions for α-decay properties of SHN, the resulting fitting expressions are extrapolated to 125 unknown α-emitters adjacent to experimentally measured ones. In the first step one In conclusion, the obtained predictions for the selected nuclei can be regarded as confident reference points for experimental design given the fact that the numbers are obtained by four independent expressions. The new parameters of the VS and mB1 formulas resulting from the first fitting procedure and the new (Z, N ) parity differentiated parameters corresponding to R and mB2 fits. The corresponding statistical quantities rms, δ and F are also listed. In both VS and mB1 cases h e−e = 0. 
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